ABSTRACT The objective of the work was to investigate the color and lipid oxidation changes of goose breast meat packaged in vacuum and modified atmosphere (MA) conditions consisting of 80% O 2 , 20% CO 2 , and stored in refrigerated conditions at 4
the total pigments concentration decreased gradually within 11 d of storage. It was observed that relative metmyoglobin concentration increased whereas relative oxymyoglobin concentration decreased in total heme pigments in the MA stored muscle. The relative concentration of all three myoglobin forms sample packed in vacuum remained unchanged. The color parameters (L * , a * , b * ) did not change for 11 d of storage for the vacuum packed meat. The value of the color parameter a * decreased and the value of the color parameters L * and b * increased in the samples packaged in MA. The data prove that if you store goose meat in MA (consisting of 80% O 2 , 20% CO 2 ) or vacuum, the unchanged surface color is preserved for 9 and 11 day, respectively.
Vacuum appears to be a better method as regards the maintaining of lipid stability in goose meat.
INTRODUCTION
Poland is one of the largest goose producers in Europe. The consumption of goose meat in Poland is about 700 tonnes, whereas goose meat exports, mainly to the German market, constitute about 20000 tonnes annually. The main variety used to produce goose meat in Poland is White Ko luda goose, which comprises up to 90% of total commercial production (Biesiada-Drzazga et al., 2011) . White Ko luda geese are characterized by high body weight (6,705 g) and good muscle yield (29.9%) ( Lukaszewicz et al., 2008) . Goose meat shows a high nutritional and sensory quality due to its specific nutrition, including whole oat grain feeding, as well as conditions in which the geese are kept, i.e., with the use of open-air runs and grassland (Buza la et al., 2014) . Therefore, White Ko luda goose is appreciated by consumers on the European market. Advanced trade dynamics, distribution networks, and a rising demand for refrigerated but unfrozen goose meat -as cuts such as leg, breast with skin and bone, breast fillet with or without skin, as well as other readyto use goods -has inspired a search for methods of shelf life extension (with good quality maintained) not only for goose but for other meat-based products as well. One currently preferred method for ensuring high quality meat is modified atmosphere (MA) packaging (MAP) with cold storage. MAP can be classified into two main categories, namely, low oxygen modified atmosphere (including vacuum packaging) and high oxygen modified atmosphere. A gas composition of 70% to 80% oxygen and 20% to 30% carbon dioxide is generally used for meat packaging in high oxygen modified atmosphere (Dhananjayan et al., 2006; Fraqueza and Barreto, 2011; Lindahl, 2011; Fraqueza et al., 2012; Fernandes et al., 2014) .
Meat color is regarded as a visual measure of freshness and quality. The color of fresh meat depends on relative amounts of three myoglobin forms: the desired bright red oxymyoglobin (MbO 2 ), purple red myoglobin (Mb), and the undesirable brown metmyoglobin (MMb) (Faustman and Philips, 2001) . High oxygen concentrations promote MbO 2 formation (O'Grady et al., 2000; Lindahl, 2011) . However, meat packaged with a high amount of O 2 has limited distribution and display life because color and/or lipid oxidation occurs within a relatively short time. On the other hand, the lack of oxygen in packages may minimize the oxidative deteriorative reactions, i.e., the formation of metmyoglobin (Saucier et al., 2000; Zhou et al., 2010) . This is also confirmed by the investigations of Orkusz et al. (2013) , who found that the surface color of goose meat stored under a high oxygen modified atmosphere, in comparison with meat stored in vacuum, deteriorated significantly within 14 d of storage at 1
• C. Also, Sante et al. (1994) determined that poultry packed in 100% CO 2 atmosphere shows the best color stability, in comparison to 100% O 2 or a mixture of 66% 2 , 25% CO 2 , and 9% N 2 . Rossaint et al. (2015) demonstrated that high oxygen packaging is not necessary to preserve the color of poultry meat.
Pigment and lipid oxidation are important factors for the shelf life and consumer acceptance of fresh meat. Goose meat, with its low tocopherol content (0.2 mg/100 g of carcass tissue) and high polyunsaturated fatty acids content (Orkusz et al., 2015) is particularly susceptible to lipid oxidation. The oxidation of polyunsaturated fatty acids is an important issue because it determines the flavor, and reduces meat's nutritional value and safety. Lipid oxidation is not considered to be a limiting factor for shelf life of air stored meat. However, when meat is stored under modified atmosphere with a high level of oxygen lipid oxidation is one of the major causes of quality deterioration in packed meat (Seydim et al., 2006; Zakrys et al., 2008 ). Meat's oxidative stability when packed in atmospheres without oxygen is higher (Insausti et al., 2001; Jeremiah 2001; Alvarez et al., 2006; Seydim et al., 2006) .
The relationship between oxidation of lipids and heme pigments has been well known. However, the cause and effect relationship between the two processes is not completely clarified, and it is not known when or whether lipid oxidation causes pigment oxidation or vice versa (Fernández-López et al., 2008; Faustman et al., 2010) . O'Grady et al. (2001) utilized bovine muscle homogenates to study the interactions between lipid oxidation and MbO 2 oxidation. They reported that MbO 2 oxidation was enhanced by the process of lipid oxidation, and suggested that the final oxidation products of lipid oxidation did not themselves promote oxymyoglobin oxidation. Products produced from lipid oxidation in the presence of oxymyoglobin, were the likely accelerators of MbO 2 oxidation. Their results also suggested that lipid oxidation preceded MbO 2 oxidation. Andersen and Skibsted (1991) suggested the reverse sequence of oxidation (myoglobin oxidation initiated prior to lipid oxidation) in salted ground pork.
Not many studies have focused on the possibility of using modified atmosphere to extend the shelf life of refrigerated goose cuts. There is no information about the effect of prolonged storage in a modified atmosphere on the lipid oxidation of goose meat. The scientific literature contains many references to a relationship between oxymyoglobin and lipid oxidation in other kinds of meat. However, there isn't any information on how MAP influences the relationship between oxymyoglobin oxidation and lipid oxidation in goose meat.
The objective of the work was to investigate the color and lipid oxidation changes of goose breast meat packed in vacuum and high oxygen modified atmosphere and stored in the refrigerated conditions at 4
• C.
MATERIAL AND METHODS

Meat Preparation
Two packaging methods and 4 storage periods (4, 7, 9, 11 d) were studied. The breast (pectoralis major) muscles (with skin and without bones, average weight ± 0.5 kg) deboned 24 h after slaughter from 17-week-old industrially slaughtered White Ko luda female geese were covered in experimental material. The randomly chosen samples were individually packaged on site using the Multivac packaging machine type R-230 (Multivac, Germany) in vacuum (99% vacuum is equal to 1.3 KPa) or modified atmosphere consisting of 80% O 2 , 20% CO 2 in polyamide/polyethylene film (permeability: O 2 = 25 cm 3 /m 2 ·24h·0.1 Mpa; CO 2 = 85 cm 3 /m 2 ·24h·0.1 Mpa; N 2 = 7 cm 3 /m 2 ·24h·0.1 Mpa; moisture vapor <3 g/m 2 ·24 h). In total, 250 goose breast muscles were examined. Two hundred muscles were randomly assigned to two different atmospheres (100 samples for MA and vacuum). Fifty unpacked muscles were used for fresh sample analysis carried out 24 h after slaughter, and were used as initial values for both atmosphere types. Samples refrigerated at 4
• C were tested within 24 h after slaughter (the unpacked meat) and after d 4, 7, 9, and 11 of storing (MA or vacuum packed meat).Every time 25 muscles were investigated. Twenty portions of breast muscles were examined in each packaging method (5 individually packed samples were tested on d 4, 7, 9, and 11). The remaining 5 samples were used as control samples. The experiments were repeated 5 times for both atmosphere types. The determinations were performed for each of the sample.
Total Pigments Analysis
The total heme pigments (TP) were determined in accordance with the Warris procedure described by Orkusz et al. (2013) . For measuring the pigment extract absorbance a Hewlett Packard Diode Array UV/VIS spectrophotometer (HP 8452A, Hewlett Packard, Waldbronn, Germany) was used. The TP concentration and relative concentration of: Mb, MbO 2 and MMb were calculated with the equations given by Krzywicki (1982) . 
Color Measurements
The color parameters of goose meat are presented in the L * a * b * color scale (CIE, 1986) , using the chromameter Minolta type CR 310 (Minolta Camera Co., Ltd., 2-Chome, Osaka, Japan) with illuminant D 65 and 50 mm viewing port. The chromameter was calibrated according to the white reference standard: Y = 93.50; x = 0.3114; y = 0.3190. Goose meat color was measured 30 min after opening each package. Results were expressed as L * (lightness), a * (redness), and b * (yellowness) and were recorded from the average of five different locations on the dorsal side of each muscle.
Sensory Evaluation
The sensory evaluation of color intensity of goose meat was carried out by a trained sensory panel of 7 people, according to the international standard (ISO 1988) using the six point scale of intensity (Table 1) and expressed in conventional units (CU; Stone et al., 1974 Stone et al., , 1980 . The color was assessed on the dorsal side of the muscle.
Lipid Oxidation
Lipid oxidation was measured by the thiobarbituric acid reactive substances (TBARS) content, according to the method of Salih et al. (1987) with Pikul's modification (1993) , which is based on the spectrophotometric determination of the pink complex formed after the reaction of one molecule of malondialdehyde (MDA) with two molecules of 2-thiobarbituric acid.
Statistical Analysis
The data were processed statistically (StatSoft, Inc. 2010; Statistica software program, version 10.0) by calculating arithmetic means and standard errors. The significant difference levels between the type of packaging atmosphere and particular storage time within analyzed atmospheres were determined by ANOVA one-way analysis. Duncan's multiple range test was used to separate means for significant (P ≤ 0.05) effects. For each packaging atmosphere (vacuum or MA) 5 replications were conducted.
RESULTS
The atmosphere type had an influence on TBARS values in the goose muscles (Table 2 ). An increase in TBARS values was noticed within 11 d of storage for samples packed both in MA and in vacuum. On d 11, in comparison with unpacked samples, TBARS values rose by 260.47% for MA and 18.60% for vacuum, which indicates a low degree of lipid oxidation in meat stored in vacuum. The differences in TBARS values between these 2 types of packaging were noticed on d 4 of storage.
The type of atmosphere during storage influenced the total pigment concentration, as well as the relative concentration of MbO 2 and MMb, in the goose meat. It was found that the packaging atmosphere did not have any impact on the relative Mb concentration in the goose meat. The TP concentration gradually fell in the meat up to d 11 of storage, by 36.23% stored in MA and 23.77% stored in vacuum. After 24 h concentration of TP reached 2.65 mg/g; however, on d 11 of storage it reached 1.69 mg/g for MA and 2.02 mg/g for vacuum (Table 2) . A significant influence of the packaging atmosphere on the total concentration of pigments was registered on d 4.
On d 7 of storage, an increase was noticed in the relative concentration of MMb and a decrease in MbO 2 relative concentration in total heme pigments in the meat stored in modified atmosphere. The relative concentration of MbO 2 and MMb in muscles packed in vacuum did not differ during the time of storage ( Table 2) .
The type of atmosphere had an effect on the L * values in the muscles during storage (Table 3) . Samples stored in MA had a higher L * parameter, compared to the samples stored in vacuum. The L * values of goose meat packed in MA increased slightly up to d 11 of storage, whereas under vacuum the L * parameter values did not change with storage time (Table 3) .
During storage in MA, generally the a * parameter showed a gradual decrease in meat from initial values within 11 d of storage. In control samples, a * parameter reached the level of 20.02. The decrease in redness was registered in the meat on d 7. The a * values did not change in the muscles stored in vacuum (Table 3) .
The b * values of meat packed in MA increased gradually up to d 11 of storage. The b * value went up by 46.75% on d 11, in comparison to unpacked samples. In the same way as the L * and a * parameters, the b * parameter remained stable with storage time in vacuum conditions (Table 3) .
Surface color intensity decreased, according to the sensory evaluation, with storage up to d 11 in samples packed both in MA and in vacuum. The color of the unpacked goose meat was described as intense red (5.76 CU; Table 3 ). The color deterioration of the muscles packed in vacuum was noticed on d 4 of storage, while in MA on d 7. On d 11, the color intensity of vacuum stored samples was patchy red with lighter or darker red parts (3.56 CU; Table 3 ), whereas the muscles stored in Table 2 . Mean values (± standard error) of thiobarbituric acid reactive substances (TBARS), total heme pigments (TP -mg/1 g of tissue), relative concentration (%) of myoglobin (Mb), oxymyoglobin (MbO 2 ), and metmyoglobin (MMb) in goose meat packed in different atmospheres and stored at 4C for up to 11 d. MA were strongly modified to creamy brown (2.32 CU; Table 3 ).
DISCUSSION
The kind of atmosphere influenced TBARS values in the samples during storage (Table 2) . Through the time of storage, samples packed in MA had higher TBARS values in comparison to the samples packed in vacuum. The result of this study agreed with Jayasingh et al. (2002) and Kim et al. (2010) who reported similar oxidative susceptibility and higher TBARS values for beef muscle packaged in high oxygen modified atmosphere. Clausen et al. (2009) in studying lipid oxidation as affected by vacuum and/or different combinations of MAP, reported very low TBARS for samples stored in vacuum, while a large increase in lipid oxidation was found for samples stored six days in MAP after vacuum. Delles and Xiong (2014) Esmer et al. (2011) showed that the concentration of O 2 in the package atmosphere was the determining factor for the rate of lipid oxidation. Excluding or limiting the oxygen content in the vacuum, MAP and MAP+CO packaging atmospheres limited oxidation and thus resulted in lower TBARS values for these meat samples. Fernandes et al. (2014) demonstrated no significant difference in TBARS values in lamb meat stored in vacuum and in 75% O 2 + 25% CO 2 modified atmosphere. These authors also noted that the TBARS values observed throughout the study period remained low, with an overall mean of 0.35 mg malondialdehyde/kg of sample. They concluded that this occurred due to the samples' low percentages of lipids (approximately 2.48%) that contained high levels of saturated fatty acids, making the samples less susceptible to lipid oxidation.
During storage, both in MA and in vacuum, decreased total pigment concentration was observed (Table 2). The decrease in TP concentration was also found by Skrabka-B lotnicka et al. (2002) and Orkusz et al. (2011) for poultry meat packed under vacuum and MA.
The relative concentration of MbO 2 and MMb showed differences between storage conditions. This can be explained by noting that the oxygen levels used in MA affected the promoting of MbO 2 oxidation to MMb in stored meat.
High oxygen levels can promote not only lipid oxidation but also MMb accumulation (Fernandez-Lopez et al., 2008) . Many authors have shown that lipid and heme pigments oxidation are closely related in meat during storage (Renerre, 1999; Cheng et al., 2007; Faustman et al., 2010; Kim et al., 2010) . Several studies have reported that the process of lipid oxidation enhances myoglobin oxidation in bovine muscle (Renerre, 1999; O'Grady et al., 2001; Faustman et al., 2010) .
Meat samples stored under MA showed a higher oxidation rate, which corresponds with a higher MMb formation in these samples, in comparison to samples stored in vacuum, due likely to a higher amount of lipid oxidation products.
For muscles packed in MA, the drop in relative MbO 2 concentration and rise in relative MMb concentration changed with time. The fall of the MbO 2 and the jump in MMb formations during storage time was more visible at the end of storage. Similar findings have been quoted for other meat and meat products stored under refrigerated conditions (Bekhit et al., 2003; FernandezLopez et al., 2006 FernandezLopez et al., , 2008 .
Vacuum packed meat samples were more stable to pigment oxidation, probably as a result of the absence or minimal residual concentrations of oxygen.
The type of packaging atmosphere had a significant effect on the lightness of goose meat. Meat packed in vacuum was darker (lower L * parameter) than meat packed in MA. This is in accordance with results obtained by Seydim et al. (2006) in ostrich meat. The difference in lightness between these two types of packaging might be explained because there was a higher oxygen concentration around goose meat stored under MA that could penetrate meat samples making them lighter.
Lightness (L * ) did not change in muscles for 11 d of storage in vacuum. No changes in lightness were also observed in vacuum packed: Rhea americana meat (Filgueras et al., 2010) beef (Hur et al., 2013) , lamb (Fregonesi et al., 2014) , and pork meat for 14 d of storage (Delles and Xiong, 2014 Delles and Xiong, 2014) . Jouki and Khazaei (2012) attributed the increase in L * values to the oxidation of heme pigments.
Meat samples packed in vacuum maintained a desirable red color during storage, while in samples packed under MA a fall of a * parameter was stated. In all probability, the marked decrease in a * values on d 7 stem from oxidation of lipids and of MbO 2 into MMb (Table 2). Also, Delles and Xiong (2014) reported similar red color stability in pork meat stored in high oxygen MA where a maximum a * value occurred on d 4, which attenuated subsequently. According to these mentioned authors, a decrease in redness of pork stored in oxygen MA was associated with lipid oxidation. Zakrys et al. (2008) investigated quality parameters in beef meat packaged under 0%, 10%, 20%, 50%, and 80% oxygen (20% CO 2 , balanced nitrogen). These authors concluded that changes in MbO 2 and a * values appeared to be driven by lipid oxidation and correlated strongly with TBARS. Santé et al. (1994 Santé et al. ( , 1996 reported a decrease in a * in turkey meat packed under gas mixtures with O 2 in contrast to those packed with 100% CO 2 or under vacuum, where increases in a * and b * during storage time were observed. The cause of color modification was myoglobin oxidation.
The atmosphere type had a significant effect on the yellowness of goose meat. Similarly as in the case of the a * parameter, differences in relation to values denoted in unpacked samples of yellowness in meat packed under MA and vacuum was registered on d 7.
In agreement with our results, Fernandes et al. (2014) found a higher b * parameter in beef meat stored in MA (75% O 2 , 25% CO 2 ) than in vacuum.
Storing goose meat packed in MA for 7 d affected the color value: intensity of yellowness increased. The change of the b * value, for MA packed samples, in all probability resulted from the significant fall in TP and relative concentration of MbO 2 , as well as a rise in the relative concentration of MMb (Table 2) .
The yellowness of goose meat packed in vacuum remained stable during storage (Table 3) . Veberg et al. (2006) , Filgueras et al. (2010) and Orkusz et al. (2013) also did not report alterations in the b * parameter of muscle stored in vacuum conditions.
No differences were observed between sensory evaluation of the red color intensity of the samples packaged under vacuum or MA until d 4. Between d 7 and 11 meat packed under modified atmosphere had a lower intensity of color (by sensory evaluation) than vacuum packed meat. This was possibly the result of the higher MMb percentage on the surface of MA packed meat (Table 2 ) and lower level of redness (Table 3) . Insausti et al. (1999) and Veberg et al. (2006) , obtained similar results, in beef muscle and minced turkey thigh muscle, both stored under MA (60% O 2 , 30% CO 2 , 10% N 2; 70% O 2 , 30% CO 2 ) and in vacuum. These authors demonstrated that the surface color of samples stored under MA, compared to vacuum stored samples, showed a marked deterioration, which was expressed by the lower values of color a * parameter. Also, Callejas-Cardenas et al. (2014) found strong relationship between the decrease in sensory color scores and the decrease in redness. Consumers reject meat with high contents of MMb (20 to 40%) on the meat surface (Hood and Riordan, 1973; Insausti et al., 1999; Filgueras et al., 2010) .
Based on the obtained results, it was shown that increases in lipid oxidation occurred before meat pigments oxidation. Probably, the products of lipid oxidation (by increasing TBA values) promoted oxymyoglobin oxidation. Application of polyamide (PA)/polyethylene (PE) film with oxygen permeability 25cm 3 /m 2 ·24h·0.1 MPa and packaging under MA sufficed to protect the expected goose meat color up d 9, whereas for meat packaged in vacuum up d 11.
